To integrate graphene in functional devices, it is essential to understand interfacial adhesion between graphene and surrounding materials for mechanical support and encapsulation. In complement with recent efforts aiming to measure the adhesion energy experimentally, we present a theoretical model to predict how the surface roughness may affect the adhesion between graphene membranes and their substrates. It is found that the bending modulus, which increases drastically from monolayer to multilayered graphene, plays an important role in the transition from conformal to non-conformal morphology of the graphene membranes on a corrugated surface. As such, the work of adhesion drops considerably from monolayer to bilayer graphene, in good agreement with recent measurements. Moreover, the theoretical results suggest that tunable adhesion of graphene can be achieved by controlling the surface roughness of the substrate.
(Some figures may appear in colour only in the online journal) A recent experiment by Koenig et al [1] reported ultra-strong adhesion between graphene membranes and a silicon oxide substrate. In particular, they found that the adhesion energy for monolayer graphene is considerably higher than those for membranes with 2-5 graphene layers. In general, it is essential to understand and characterize interfacial adhesion of graphene membranes on various substrates in order to integrate graphene for practical device applications. Previously, the interaction energy between graphene and silicon oxide (SiO 2 ) was estimated to be 0.096 J m −2 based on the interlayer van der Waals interaction in graphite [2] . Similar but slightly smaller values were obtained from first-principles calculations for the binding energy of graphene on both O-terminated and hydroxylated SiO 2 surfaces [3] . On the other hand, an experimental measurement by Zong et al [4] reported an average value of 0.151 J m −2 for the adhesion energy of multilayered graphene membranes (roughly five layers) on silicon, in which they used 0.5 TPa as Young's modulus of graphene to calculate the adhesion energy based on the measured blister radius and height. However, Young's modulus of monolayer graphene was measured to be 1.0 TPa [5] , similar to Young's modulus for the base plane of bulk graphite [6] . The adhesion energy measured by Koenig et al [1] is even higher, 0.31 J m −2 for multilayered graphene (2-5 layers) and 0.45 J m −2 for monolayer graphene, all on SiO 2 surfaces. These values suggest that the interfacial adhesion between graphene and SiO 2 is relatively weak compared with covalent bonds [7, 8] . In this study, a theoretical model is presented by considering the van der Waals interaction between graphene and its substrate [9] [10] [11] . It predicts that the measured adhesion energy depends sensitively on the morphology, which in turn depends on both the substrate surface roughness and the bending modulus of graphene. We find that the difference in the bending moduli between monolayer and multilayered graphene leads to the difference in their adhesion energies.
On a theoretically flat substrate surface, a graphene membrane remains flat, and the interfacial potential energy (per unit area) due to van der Waals interaction takes the form [11] U vdW (h) = − 0 3 2
where h is the separation distance between the membrane and the surface, h 0 is the equilibrium separation and 0 is the intrinsic adhesion energy per unit area. Here we have assumed that the interfacial van der Waals interaction is predominantly between the substrate and the first graphene layer. The interactions with the other layers, being further apart and shielded by the first layer, are much weaker and thus ignored. On the other hand, the interactions between adjacent graphene layers are assumed to be sufficiently strong to hold the graphene layers together as a continuous membrane. Therefore, on a perfectly flat substrate surface, the interfacial potential energy between a multilayered graphene membrane and the substrate is identical to that for a monolayer graphene, with the same intrinsic adhesion energy 0 . However, in experiments the substrate surface is typically corrugated [1, 2] , on which the measurable adhesion energy of graphene depends on the morphology and becomes different for the monolayer and multilayered membranes. Consider a periodically corrugated substrate surface (figure 1). The van der Waals interaction tends to bring the graphene membrane conformal to the surface. However, corrugation of the membrane increases the elastic strain energy due to bending. The competition between the van der Waals interaction and the bending energy determines the equilibrium morphology of the membrane. Assume a sinusoidal morphology for both the surface and the membrane. The surface roughness is parametrized by the corrugation wavelength λ and the amplitude δ s . The separation between the membrane and the surface is h(
For given values of λ and δ s , the corrugation amplitude of the membrane (δ g ) and the mean separation (h m ) are determined by minimizing the total free energy of the system. When δ g = δ s , the graphene membrane is fully conformal to the surface. When δ g = 0, the graphene is flat and non-conformal. As the measurable adhesion energy, the work of adhesion is defined as the energy difference between the equilibrium state and a reference state when the membrane is far away from the surface [12] .
Following the approach by Aitken and Huang [11] , the van der Waals interaction energy is obtained to the leading order of the corrugation amplitudes as
where
and K n (z) is the modified Bessel function of the second kind. The elastic strain energy per unit area of the membrane due to bending isŨ
where D N is the bending modulus of the N -layered graphene membrane.
The total free energy of the system is then, [2, 13, 14] . The intrinsic adhesion energy is taken to be the value measured by Koenig et al [1] for the monolayer graphene. For the bending modulus, we note that by the classical theory the modulus scales with the cube of the membrane thickness, i.e. D ∼ t 3 . However, such a scaling does not apply for monolayer graphene. The physical mechanism that leads to a finite bending modulus for monolayer graphene is fundamentally different from that in the classical theory [15] . An intrinsic bending modulus has been theoretically predicted for monolayer graphene [15] [16] [17] [18] , irrespective of its thickness. For a membrane containing an arbitrary number of graphene layers, the bending modulus is approximately given by [17] 
where N is the number of layers, E is the in-plane Young's modulus of graphene and s is the spacing between adjacent graphene layers. The first term on the right-hand side of equation (6) accounts for the intrinsic bending stiffness of each graphene monolayer, whereas the second term is the contribution from the in-plane stiffness. Taking D 1 = 1.61 eV [17] , E = 1.0 TPa [5] and s = 0.34 nm, equation (6) predicts that the bending modulus is 126 eV for a bilayer graphene (N = 2) and 496 eV for a trilayer graphene (N = 3); Density-functional tight-binding calculations predicted that D 2 = 180 eV and D 3 = 690 eV [17] . Remarkably, from monolayer to bilayer, the bending modulus increases by two Figure 2 plots the normalized mean separation (h m ) and corrugation amplitude (δ g ) for graphene membranes with N = 1, 2, 3, and 10, taking δ s = 0.2 nm based on the surface roughness measurements by Koenig et al [1] . For each case, a transition from conformal to non-formal morphology occurs as the corrugation wavelength decreases. At the long wavelength limit the mean separation approaches h 0 and the corrugation amplitude of graphene approaches that of the surface. Thus, the graphene is conformal to the surface. For short wavelengths, however, the corrugation amplitude of graphene decreases and approaches zero to accommodate the bending energy. Meanwhile, the mean separation increases. A sharp transition occurs at a critical wavelength that depends on the bending modulus of the membrane. Similar transition has been predicted in previous studies [10, 11] . At the equilibrium morphology, the total free energy is negative, and the work of adhesion is calculated as = −Ũ total (h m , δ g ). As shown in figure 3 , the transition of morphology leads to a similar transition in the work of adhesion. When the graphene membrane is conformal to the corrugated surface (δ g /δ s ∼ 1), the work of adhesion is close to the intrinsic adhesion energy ( ∼ 0 ). On the other hand, when the graphene membrane is non-conformal (δ g /δ s → 0), the work of adhesion drops considerably. We note that the work of adhesion includes a small negative contribution from the elastic bending energy in addition to the van der Waals interaction energy. The bending deformation increases the potential energy of the system and thus reduces the work of adhesion relative to the reference state with δ g = 0 and h m → ∞ [12] .
In general, the morphology and the work of adhesion depend on both the corrugation wavelength and amplitude. An arbitrarily rough surface may be considered as having many Fourier components, with different wavelengths and amplitudes.
A graphene membrane on top would be conformal to the long-wavelength modes only, resulting in longer correlation length and smaller root-mean-square (rms) amplitude in comparison with the bare surface. Experimentally measured correlation functions and rms have indeed shown the same trend [1, 2] . However, a quantitative analysis for an arbitrarily rough surface would require a statistical approach, which is beyond the scope of this study.
With a sinusoidal surface corrugation, figure 2 shows that the monolayer graphene remains nearly conformal for corrugation wavelengths greater than a few times the equilibrium separation (e.g., λ/ h 0 > 5). For a bilayer graphene, it becomes nearly flat (thus non-conformal) at λ/ h 0 ∼ 12. Thus, for a corrugation wavelength in between (5 < λ/h 0 < 12), the monolayer graphene is conformal while the bilayer and other graphene membranes (N > 1) are nonconformal. As a result, the work of adhesion for the monolayer graphene would be close to the intrinsic adhesion energy ( ≈ 0 ), while all the multilayered graphene membranes would have considerably lower work of adhesion. Figure 4 plots the work of adhesion as a function of N for λ/ h 0 = 10 and three different corrugation amplitudes. The work of adhesion decreases with increasing N , with a lower bound set by the limiting case when the membrane remains flat on the corrugated surface. The lower bound value for the work of adhesion decreases with increasing amplitude of surface corrugation. However, the present analysis is limited to relatively low amplitudes (e.g., δ s /h 0 < 0.5), since higher-order terms would have to be included in the free energy function for large amplitudes. Nevertheless, with δ s = 0.2 nm, the work of adhesion drops from 0.45 J m −2 for the monolayer graphene to 0.37 J m −2 for the bilayer graphene, in reasonable agreement with the measurements by Koenig et al [1] . Furthermore, the work of adhesion is nearly identical for all the multilayered graphene (N > 1), also in agreement with the experiment.
In summary, the effects of surface roughness on the morphology and adhesion energy of substrate-supported graphene membranes are analysed by a theoretical model of van der Waals interaction. The results agree reasonably well with the experimental measurements for graphene on silicon oxide. The drastic difference in the bending moduli for the monolayer and multilayered graphene membranes leads to a transition in the morphology of the membranes on a corrugated surface, which in turn leads to a considerable difference in the measured adhesion energy. Moreover, the theoretical results suggest a possible approach to tunable adhesion of graphene membranes. While the work of adhesion has a fixed upper bound set by the intrinsic adhesion energy, the lower bound is tunable by controlling the amplitude of surface corrugation. Between the two bounds, the work of adhesion varies with the corrugation wavelength and the number of graphene layers.
